Abstract: Shelterbelts provide an opportunity for carbon (C) sequestration and have the potential to mitigate agricultural greenhouse gas (GHG) emissions. However, the influence of shelterbelts on GHG emissions at the farm scale is poorly understood. We estimated the potential of three shelterbelt tree species: hybrid poplar, white spruce, and caragana at five planting densities, to reduce GHG emissions in a model farm (cereal-pulse rotation). The Holos model, a Canadian farm-level GHG calculator developed by Agriculture and Agri-Food Canada, was used to estimate shelterbelt effects on farm GHG emissions over a 60 yr time frame. The planting densities of the shelterbelts represented 0%, 0.5%, 1.0%, 3.0%, and 5.0% of the total area of an average (688 ha) Saskatchewan farm. The greatest reduction in farm GHG emissions was estimated for hybrid poplar (23.0%) followed by white spruce (17.5%) and caragana (8.2%) -all at the highest planting density. The GHG mitigation by the shelterbelts was attributable primarily (90%-95% of GHG reduction) to C sequestration in tree biomass and in soil organic carbon (SOC) pools, with the remainder due to lower N 2 O, CH 4 emissions, and a reduction in farm energy use. The GHG estimates from Holos agree with field measurements and suggests that species selection will be important for maximizing C sequestration and GHG mitigation potential of shelterbelt systems; conversely, shelterbelt removal from the agricultural landscape suggests an increase of on-farm GHG emissions.
Introduction
The removal of atmospheric carbon (CO 2 ) and its storage in the terrestrial biosphere is an option for reducing GHG emissions (Intergovernmental Panel on Climate Change (IPCC) 2006). Arable lands, therefore, present an opportunity for removing large amounts of atmospheric GHG if trees are incorporated into farming systems (Evers et al. 2010) . Shelterbelts, linear arrays of trees and shrubs have been planted in Canada for more than a century, mainly to protect crops from wind damage, reduce soil erosion, and provide a myriad of other ecological functions such as wildlife habitats, improved biodiversity, and water quality (Amichev et al. 2016) . Moreover, for the past two decades, shelterbelts have been recognized as a strategy for reducing atmospheric C concentrations through C storage in tree biomass (Kort and Turnock 1999) and in soil organic carbon (SOC) pools (Sauer et al. 2007 ). Yet the integrated role of shelterbelts in terms of C storage and trace gas mitigation in cropped fields remains poorly understood, particularly at the farm scale.
Despite the relatively small land area that they occupy on the agricultural landscape, shelterbelts can sequester large amounts of C per unit area. For example, potential C sequestration rates in above-and belowground components in shelterbelt systems were estimated at 6.4 Mg C ha −1 yr −1 , compared with 2.6, 3.4, and 6.1 Mg C ha −1 yr −1 for riparian forest buffers, alley cropping, and silvopasture system, respectively (Udawatta and Jose 2011) . In Saskatchewan, Canada, Kort and Turnock (1999) estimated C sequestration in aboveground biomass of 17-90 yr old, single-row shelterbelts at 105, 24-41, and 11 Mg C km −1 for hybrid poplar, conifer, and shrub shelterbelts, respectively. In a study that predicted C accumulation in 60 yr old white spruce shelterbelts using 3PG model, Amichev et al. (2016) reported total aboveground C content of 120 Mg C km −1 representing a mean annual C increment of 2 Mg C km −1 yr −1 .
Shelterbelts also increase C sequestration in stabilized SOC pools (Udawatta and Jose 2011) . In Nebraska, USA, Sauer et al. (2007) reported that SOC concentrations in the 0-7.5 cm soil layer under a red cedar ( Juniperus virginiana)-Scots pine (Pinus sylvestris) shelterbelt (3.04%) were 55% greater than in the adjacent cultivated field (1.96%), with 12% greater SOC in the 7.5-15 cm soil depth. Thus, during a period of 35 yr, SOC sequestration in the shelterbelts within the 0-15 cm soil depth was 3.71 Mg greater than that in the cropped field, representing an annual increase of 0.11 Mg ha −1 yr −1 . The greater SOC content in the shelterbelts was attributed to the increased inputs from tree litter and wind-blown sediments, reduced soil disturbance from agronomic practices, and reduced soil erosion. Using the CENTURY model, Campbell et al. (2005) predicted annual SOC storage in cropped field in Southern Saskatchewan at 0.16 Mg ha −1 yr −1 , but the authors did not estimate C storage in shelterbelts or other agroforestry systems. However, Janzen et al. (2001) suggested that annual C storage in agroforestry systems could range from 0.2 to 1.0 Mg ha −1 yr −1 .
The potential for atmospheric C reduction by agroforestry systems occurs not only through C accumulations in tree biomass and soil but also through various indirect benefits associated with agroforestry. For example, planting shelterbelts reduces farm energy because the areas occupied by trees are exempt from fertilizer application and other agronomic practices such as tillage and pesticide applications. This implies not only a reduction in N 2 O emissions but also a reduction in CO 2 emissions from diesel use and during the manufacture of fertilizers and pesticides (Brandle et al. 1992; Little et al. 2008) . Other indirect benefits include C storage in long lasting wood products (e.g., wooden furniture and houses) and the use of wood as a fuel source instead of fossil C which reduces the need for increased use of fossil C and unsustainable deforestation (Roy 1999) .
Integrating trees into the agricultural landscape reduced soil N 2 O emissions and increased CH 4 oxidation (Evers et al. 2010) . Trees are deep rooting and can inhibit the denitrification process by absorbing residual NO 3 and excess soil water that would otherwise be susceptible to N 2 O emission or NO 3 leaching. Whereas some of this N is retained in the tree biomass, most is returned to the soil through litterfall. This process is recognized as the safety-net role of tree roots (Allen et al. 2004) , and the result is more efficient N cycling, decreased fertilizer N demand by surrounding soils, and thus, reduced N 2 O emissions from N fertilization . However, the ability of tree roots to take up excess moisture and N in surrounding soils can create favorable conditions for CH 4 oxidation, which in turn, increases the size of CH 4 sink in soils under treed systems .
To date, research into the GHG mitigation potential of shelterbelts has focused on single components within the farm system, i.e., either C storage in biomass and soil, or trace gas emissions in shelterbelts and cropped fields, without taking into account the complexity of interrelationships in these systems. Thus, there is a need for an integrated model of shelterbelts that considers the C balance and GHG reductions in the tree-soil system. The Holos model is a farm-level GHG emission assessment tool specific for Canadian conditions (Little et al. 2008) . It was conceptualized as a farm-level "Virtual Farm" model that links descriptors (farm characterization) and algorithms (e.g., IPCC Tier 2 emission factors) to generate whole-farm greenhouse gas (GHG) emission estimates (Little et al. 2008) . In addition to estimate GHG emissions, Holos allows users to contemplate GHG mitigation strategies, making it an exploratory tool (Little et al. 2008) .
Although there are more than 60 000 km of shelterbelts in Saskatchewan, farm managers and regional planners lack integrative farm-scale estimates of GHG reduction by shelterbelts. This information is needed to quantify the environmental benefits of shelterbelts and support management and policy decisions regarding the use of trees in agricultural systems. The previous work ) demonstrated that established (19-41 yr old) shelterbelts generate a net GHG mitigation benefit but did not describe the temporal changes in C sequestration and GHG emissions following establishment or as the shelterbelt aged. The present study provides those missing details using the Holos model to estimate the long-term potential for reducing GHG emissions of three common shelterbelt tree species (hybrid poplar (Populus spp.), white spruce (Picea glauca), and caragana (Caragana arborescens)), at five planting densities.
Materials and Methods

Holos model
Holos is a farm-scale empirical model based on IPCC (2006) methodology, modified for Canadian conditions, which uses a yearly time step to test and compare the GHG mitigation potential of different management scenarios (Little et al. 2008) . Based on 30 yr climate norms, Holos considers all significant emissions and removals on the farm, taking into account CO 2 , N 2 O, and CH 4 emissions, as well as C sequestration from tree plantings and changes in land use and management. It also calculates emissions from on-farm energy use and the manufacture of fertilizers and herbicides. This systems' approach allows net whole-farm emissions to be calculated from management changes on any part of the farm (Beauchemin et al. 2010 ).
Model scenarios
The total area of the model farm was 688 ha, representing the average farm size in Saskatchewan (Saskatchewan Ministry of Agriculture 2015). Three commonly cultivated crops: wheat (Triticum aestivum), field pea (Pisum sativum), and oat (Avena sativa) were selected using a continuous wheat-pea-oat rotation, with reduced tillage (i.e., few tillage passes with most residue retained on the surface) and moderate fertilizer inputs (i.e., based on crop requirements).
The most common trees planted in shelterbelts in Saskatchewan are white spruce (2% of total shelterbelt length), hybrid popular (8.2% of shelterbelts), and caragana (70% of shelterbelts) (Amichev et al. 2015 (Amichev et al. , 2016 . Consequently, these three species were used to simulate GHG emissions over a period of 60 yr (i.e., from the first year of tree planting to 60 yr after planting). At the farm scale, the area occupied by shelterbelts within an individual farm unit can vary considerably ranging from 0% (no shelterbelt planting) to many rows of planted trees accounting for up to 5% of the total farm area (Stoeckeler 1965; Kort 1988; Schoeneberger 2009 ). Thus, given the variation in shelterbelt area on a typical farm, we considered five scenarios of single-row shelterbelts [0% (baseline), 0.5%, 1.0%, 3.0%, and 5.0% of the total farm area].
Farm zones
Three major zones were identified for simulating GHG on the farm: the shelterbelt, the transition between the shelterbelt and cropped field, and the cropped field itself. The shelterbelt zone is the area under the crown width of the linear shelterbelts. Crown width values of 14.04, 7.86, and 9.49 m were used for hybrid poplar, white spruce, and caragana, respectively (Amichev et al. 2016) . Shelterbelts were assumed to be in good condition (i.e., no disease present, no stress due to drought or nutrient deficiency), and the soil in the shelterbelt area was undisturbed and excluded from agronomic activities such as tillage, fertilizer application, and seeding.
The transition zone is the area that is indirectly influenced by shelterbelts, e.g., by shading, root activity, litter depositions, and microclimatic influences. The transition zone area is derived by multiplying the transition zone width (i.e., 1.5 times the shelterbelt height) by the total length of the shelterbelt. The cropped area was determined by subtracting the shelterbelt area and the transition zone area from the total farm area.
Geographical location and climatic conditions of the farm
The Holos model uses emission factors adjusted for variations in climatic and soil conditions across Canada, which are drawn from a database of ecodistricts, with soil information obtained from the Canadian Soil Information System National Ecological Framework (Marshall et al. 1999) . The model farm was located in Ecodistrict 772 (i.e., within the Semiarid Prairies ecozone), and the soil type was a dark-brown Chernozem, of medium soil texture, managed using reduced/ minimum tillage practices. Average growing season (May-October) precipitation for the ecodistrict was 259 mm, and potential evapotranspiration was 659 mm.
Carbon storage in tree biomass
Holos calculates C storage in aboveground tree biomass based on tree growth equations developed through destructive sampling of seven common shelterbelt species across the brown, dark-brown, and black soil zones of Saskatchewan (Kort and Turnock 1999) . The age of the sampled shelterbelts ranged from 17 to 90 yr, with 72% of the shelterbelts between 30 and 60 yr of age. Based on the age range of trees sampled by Kort and Turnock (1999) , we estimated C accumulation curves for hybrid poplar, white spruce, and caragana shelterbelts over a period of 60 yr. Kort and Turnock (1999) demonstrated that a tree's growth rate depends on its leaf area and that the rate of biomass accumulation increased with tree age for all tree species. Thus, during the early years of a tree's life, the rates of biomass and C accumulation were low due to small leaf area, but in later years as the tree developed more leaf area, it grew faster.
To develop a C accumulation equation for each species in a given soil zone, the authors sampled only mature trees (i.e., 40 yr of age or older) and conducted linear regressions on annual biomass accumulation vs. age data. Annual C accumulation per tree was estimated as a function of tree age and coefficients of annual C accumulation, as shown in the following equation:
where C tree represents the annual C accumulation per tree (kg C yr −1 ), a and b are the coefficients of annual C accumulation which vary by soil type and tree species, respectively; age is the age of the shelterbelt (years). The model assumes that C accumulation in trees starts at least 2 yr after planting. Values for coefficient a (i.e., for the dark-brown soil zone) were 0.3232, 0.1345, and 0.4511 and values for coefficient b were 0.9651, 0.8970, and 0.6446 for hybrid poplar, white spruce, and caragana, respectively (Little et al. 2008) .
The annual C accumulation of a single-row shelterbelt on the model farm was estimated as follows (Little et al. 2008 ):
C planting = C tree × length planting space × rows (2) where C planting represents the annual C accumulation per linear planting (Mg C yr
), length is the total length of shelterbelt in each scenario (km), planting space is the spacing of individual trees (m) and rows is the number of tree rows. A planting space of 2 m was used to estimate C planting for hybrid poplar and white spruce. Planting space for caragana shelterbelts in the field ranged between 0.5 and 0.7 m; however, C planting for caragana was calculated using a spacing of 10 m harvested sections within the shelterbelt (Kort and Turnock 1999) . Carbon accumulation in belowground biomass for hybrid poplar, white spruce, and caragana was estimated as 40%, 30%, and 50% of the aboveground C content as recommended by Kort and Turnock (1999) based on studies by Freedman and Keith (1995) , Van Lear and Kapeluck (1995) , and Young et al. (1987) , respectively. Furthermore, eqs. 1 and 2 were derived from leafless trees and do not account for C storage in tree leaves, root turnover, and exudates.
SOC sequestration
Soil organic C storage in the shelterbelt area and cropped area was estimated using the net primary productivity (NPP) approach described by Bolinder et al. (2007) . The NPP approach quantifies annual C storage in above-and belowground biomass by allocating C within different crop plant parts; and estimates annual plant residue input to soil from litter, root turnover, and exudates. Soil organic C sequestration was defined as the fraction of plant residue incorporated into the soil and then integrated into stable SOC pools. The NPP represents C increase in a whole plant and is made up of C associated with different plant compartments as expressed in the following relationship:
where C P is the C stored in harvestable plant products, i.e., grain or tree bole; C R is the C in plant roots; C S is the C in the aboveground residues (i.e., crop residues, straw, or litterfall); and C E represents the C derived in root products including root turnover and exudates (Bolinder et al. 2007) . Values that were applied to tree species and crops in this study are provided in Table 1 . Carbon allocation to different plant compartments was estimated as follows:
where yield is the dry matter (DM) yield of aboveground products (kg ha −1 yr −1 ); harvest index is the DM yield of grain/total aboveground DM yield; and Y E is the extra root C from root turnover and exudates relative to recoverable roots. Total annual C input to the soil from various plant components was estimated as follows:
where C i is the annual C input to soil from plants and S is the proportion of C in the respective plant component that enters the soil. The value of S ranges from 0 to 1 indicating 0% to 100% of a plant fraction incorporated into the soil annually (Bolinder et al. 2007 ). Carbon sequestration into soil stable C pools C is is the proportion of C inputs that is potentially integrated into the stable SOC pool. Because the cropped area (including the transition zone) was tilled annually exposing the soil to rapid SOC oxidation while the shelterbelt zone was relatively undisturbed, it was assumed that 12% of C i was incorporated into stable C pools within the cropped area of the farm (Winans et al. 2015) , while 30% of C i was sequestered into stable C pools within the shelterbelt area (Thevathasan and Gordon 2004) . Thus, C is in the cropped and the shelterbelt areas were expressed as follows:
Within the cropped area, the C in grains and other harvestable products are removed from the field and, therefore, not returned to the soil. Crop yield and C input within the transition zone are not uniform across the entire zone due to competition between the trees and the field crop for nutrients and water (Kort 1988) . However, in the previous study , we found no significant difference in SOC between the transition zone and the cropped field. This suggests that the effect of reduced biomass inputs due to root competition in the transition zone was counteracted by the effect of a shelterbelt-induced increase in biomass inputs. In the present study, it was assumed that average C input in the transition zone was the same as in the cropped field. Within the shelterbelt area, it was assumed that all tree leaves produced per year were deposited to the soil as leaf litter (C S ) and C E represented C in root turnover and exudates; in the case of white spruce, this assumption represents annual needle fall turnover. Leaf biomass C was calculated as 9.8% and 16% of aboveground biomass C for hybrid poplar and white spruce, respectively; and 29% of aboveground biomass C for caragana (Moukoumi et al. 2012) . For all trees, the fine root biomass C was assumed to be equal to leaf biomass C (Amichev et al. 2016) . Thus, coarse root biomass C was estimated as the belowground biomass minus the fine root biomass. As such, CE was estimated based on root turnover rates of coarse and fine roots reported by Yuan and Chen (2010) . Coarse roots (i.e., >2 mm dia.) had a turnover rate of 0.4 yr −1 for all three tree species; whereas fine root (i.e., ≤2 mm dia.) turnover rates were 1.28, 0.84, and 1.15 yr −1 for hybrid poplar, white spruce, and caragana, respectively (Yuan and Chen 2010) . Carbon content in root exudates did not vary significantly among tree and crop roots (Bolinder et al. 1997) ; thus, C content in the root exudates of all tree species was assumed to be same as in the crops (Table 1) .
Carbon loss to the atmosphere
Carbon loss from the soil C ie was estimated as the proportion of C inputs that were not integrated into the stable SOC pool but were released back to the atmosphere through microbial decomposition processes (Winans et al. 2015) . Annual CO 2 emissions from cropped and shelterbelt areas were estimated as 88% and 70% of total C inputs to the soil and expressed as C ie ðcropped areaÞ = 0.88 C i (11)
Holos calculates direct N 2 O from soils based on N inputs, modified by climate, tillage, soil texture, and topography. For the cropped area, total N additions to soil comprised synthetic N fertilizer additions and N derived from above-and belowground crop residue decompositions. Fertilizer N inputs were estimated from total N requirement by crops (McConkey et al. 2007) , while N inputs from crop residues were calculated from crop yields, using coefficients derived from Janzen et al. (2003) . Thus, during the 60-yr-long long crop rotation, fertilizer N application to the cropped area has default values of 45 kg N ha −1 yr −1 for spring wheat and oats and 0 kg N ha −1 yr −1 for dry peas (McConkey et al. 2007 ).
For the shelterbelt area total N additions to soil included N in leaf litter and N in root turnover. The N content in leaf litter was estimated as 2.0% for hybrid poplar (Thevathasan and Gordon 1997), 1.17% for white spruce (Wang and Klinka 1997) , and 3% for caragana (Moukoumi et al. 2012) . Foliar N content of each tree species was assumed to be the same as N content in root turnover. Holos calculates soil-derived N 2 O emission from total N inputs, using Canada-specific algorithms modified from those developed for calculating the national GHG inventory (Rochette et al. 2008) . The total N input was multiplied by an emission factor, adjusted for growing season precipitation and the potential evapotranspiration for the ecodistrict, using data from CanSIS averaged from 1971 to 2000 (Marshall et al. 1999) . Modifiers for soil type, texture, tillage system, and topography were based on Rochette et al. (2008) . The emission factor was calculated as follows:
where EF eco represents the ecodistrict emission factor (kg N 2 O-N (kg N) −1 ); P is the growing season precipitation by ecodistrict (May-October) (mm); and PE is the growing season evapotranspiration (May-October) (mm). Based on eq. 15, an emission factor of 0.0047 kg N 2 O-N (kg N) −1 was used to estimate N 2 O emission in all zones of the model farm. Soil N 2 O emissions from the cropped field was defined as
where N 2 O-N crop inputs represents the N emissions from cropland due to crop inputs to soil (kg N 2 O-N), N fert is the N input from synthetic N fertilizers (kg N), and N res is the N input from crop residue returned to soil (kg N). Soil N 2 O emissions from the shelterbelt area was defined as
where N 2 O-N tree inputs represents the N emissions from the shelterbelt area due to tree inputs to the soil (kg N 2 O-N), N leaf litter is the N input from tree leaf litter (kg N), and N root turnover is the N input from tree root turnover (kg N). Soil N 2 O emissions in the transition zone was estimated as one half of N 2 O emissions in the cropped field (Amadi 2016) . This was based on more efficient N cycling reported in this zone. Tree roots extend to the transition area and take up excess soil N and moisture, which reduces the processes that result in N 2 O emissions (Evers et al. 2010 ).
Soil CH 4 fluxes
In general, cropped fields are slight sources or sinks of soil CH 4 (Bronson and Mosier 1993) ; however, the incorporation of trees into cropped fields could significantly increase soil CH 4 sink size through the removal of excess soil moisture, an increase in soil organic matter (SOM), and a decrease in soil bulk density (Hütsch et al. 1994) . There is evidence for increasing soil CH 4 oxidation with the increasing root biomass in soil occupied by tree roots (e.g., in temperate pine forests ) and a hybrid poplar-caragana shelterbelt (Amadi 2016) ). Therefore, the soil CH 4 flux (CH 4soil ) in the shelterbelt and cropped field was estimated using a regression equation between root biomass and CH 4 emission, based on data reported by Amadi (2016) :
Soil CH 4 flux in the transition zone was estimated as one half of the CH 4 flux in the shelterbelt area. This assumption is based on reported reduction of root biomass in this zone relative to the shelterbelt zone and root competition for resources with crops (Kort 1988; Amadi 2016 ).
Carbon dioxide emissions from farm energy use
Holos estimates CO 2 emissions from the use of fossil fuel on the farm and categorizes them as primary or secondary emission sources (Gifford 1984) . Primary sources include fossil fuel used in cropping operations; i.e., tillage, seeding/fertilizer application, and harvesting. Secondary sources of CO 2 emissions from fossil fuels include emissions related to the manufacture of fertilizers and herbicides. Carbon dioxide emissions associated with the transportation of goods to the farm or the manufacture of farm machines was not considered.
Carbon emissions related to the manufacture of N and P fertilizers was estimated at 3.59 kg CO 2 (kg N) −1 and 0.5699 kg CO 2 (kg P 2 O 5 ) −1 , respectively (Nagy 2000) .
Energy emissions related to the manufacture of herbicide production was 1.334 kg CO 2 (kg herbicide) −1 (Little et al. 2008) . Based on the above values, annual farm CO 2 emissions from energy use (CO 2energy ) in the cropped area was 0.30 Mg CO 2 e ha −1 yr −1 for spring wheat and oats and 0.14 Mg CO 2 e ha −1 yr −1 for dry peas.
The shelterbelt zone was excluded from CO 2 emissions from fossil fuel use. However, because farm machinery is usually employed during the initial planting of shelterbelts, it was assumed that CO 2 emissions associated with planting the trees was equivalent to emissions associated with seeding spring wheat for 1 yr (i.e., 0.30 Mg CO 2 e ha −1 ).
Whole-farm GHG emissions
Whole-farm GHG emissions (GHG whole farm ) was defined as the sum of all sources and sinks of GHG emissions across the entire farm (i.e., the shelterbelt, transition zone, and cropped field) and was expressed in Mg CO 2 e to account for the global warming potential of the respective gases. Whole-farm GHG emissions per year was expressed as
where GHG whole farm represents whole-farm GHG emissions (Mg CO 2 e yr −1
), (44/12) is the conversion factor from C to CO 2 e, and 298 and 25 are the factors used to convert from N 2 O and CH 4 to CO 2 e, respectively (Forster et al. 2007 ).
Results
Carbon storage in tree biomass
Carbon fixation in above-and belowground biomasses was 4.22, 2.70, and 0.83 Mg C ha −1 yr −1 for hybrid poplar, white spruce, and caragana shelterbelts, respectively (Table 2) . For all three tree species, simulated C storage in tree biomass to age 60 increased with an increasing farm area planted to shelterbelts; however, C storage in tree biomass varied between the three tree species (Fig. 1) . At the end of 60 yr of growth, the maximum estimated C accumulation was 8712, 5581, and 1705 Mg C for the 5.0% scenario for hybrid poplar, white spruce, and caragana, respectively ( Fig. 2 ; Table 3 ).
SOC inputs, sequestration, and loss
Within the cropped zone, average C input into the soil from crop residues (i.e., straw, roots, and root exudates from the wheat-peas-oats rotation) was 1.11 Mg C ha −1 yr −1 ; resulting in C sequestration of 0.13 Mg C ha −1 yr −1 into soil stable C pools and C loss of 0.98 Mg C ha −1 yr −1 into the atmosphere from microbial decomposition processes (Table 2) . However, within the shelterbelt zone, C inputs to soil (i.e., leaf litter, root turnover, and exudates) were 2.26, 1.35, and 0.66 Mg C ha −1 yr −1 for hybrid poplar, white spruce, and caragana, respectively. As a result, the C sequestered into stable SOC pools was 0.68, 0.41, and 0.23 Mg C ha −1 yr −1 ; while C loss to the atmosphere was 1.58, 0.94, and 0.43 Mg C ha −1 yr −1 for the hybrid poplar, white spruce, and caragana shelterbelts, respectively ( Table 2 ). The C sequestered in stable SOC pools increased with the increasing shelterbelt area, but the increase in SOC sequestration varied with tree species (Fig. 3) . For example, at the baseline scenario (i.e., scenario 0%), total SOC within the farm after 60 yr was 5495 Mg C. Incorporating shelterbelts into the farm increased the amount of C storage in the soil relative to baseline levels, reaching a maximum SOC storage of 6617, 6058, and 5701 Mg C for hybrid poplar, white spruce, and caragana, respectively (Table 3) . Table 2 . Annual greenhouse gas (GHG) emissions per hectare, including C and trace gas fluxes in the shelterbelt, transition, and cropped zones of a model farm (688 ha, located in Saskatchewan, Canada). Note: Total C loss to the atmosphere from microbial decomposition processes over 60 yr of farming was 40 297 Mg C at the baseline scenario (i.e., no shelterbelts). However, with the increasing shelterbelt area, C loss from the soil increased with hybrid poplar and decreased with caragana shelterbelts but appeared to be comparatively constant with white spruce species reflecting differences in amounts of tree litter inputs and root respiration among these tree species (Table 3) .
Soil CH 4 and N 2 O exchange
Within the cropped field zone, average soil CH 4 exchange (i.e., after 60 yr of wheat-peas-oats rotation) was estimated at −0.077 kg CH 4 -C ha −1 yr −1 (a net sink);
while average soil N 2 O emissions was 0.51 kg N 2 O-N ha −1 yr −1 (Table 2 ). In the shelterbelt zone, the esti- ). For the baseline scenario (i.e., scenario 0), total soil CH 4 oxidation and N 2 O emissions for the farm after 60 yr were −1.0 Mg CH 4 -C and 21.2 Mg N 2 O-N, respectively. The incorporation of various amounts of shelterbelts into the cropped field resulted in the increased soil CH 4 uptake and reduced N 2 O emissions, although the changes in both gases varied with tree species (Figs. 4 and 5) . Maximum whole-farm CH 4 uptake (−2.8 Mg CH 4 -C, at scenario 5) was achieved when the shelterbelt species in the farm was hybrid poplar, followed by white spruce (−2.1 Mg CH 4 -C) and caragana (−1.1 Mg CH 4 -C). However, the lowest farm soil N 2 O emissions (14.8 Mg N 2 O-N) was reached with white spruce, followed by hybrid poplar (17.3 Mg N 2 O-N) and caragana (20.3 Mg N 2 O-N) ( Table 3) . Fig. 1 . Aboveground C content for hybrid poplar, white spruce, and caragana derived using the Holos model (small circles), compared with measured values from destructive sampling (Kort and Turnock 1999; inverted triangles) and predicted values using the 3PG model (Amichev et al. 2016 ; three-point stars). Fig. 2 . Carbon storage in the above-and belowground tree biomasses of (A) hybrid poplar, (B) white spruce, and (C) caragana during a 60 yr period. Each tree species was established at five planting densities in shelterbelts on a model farm (688 ha, located in Saskatchewan, Canada). Simulations were generated with the Holos model.
Farm energy CO 2 emissions
The emissions of CO 2 due to fuel use (i.e., from running farm machines and the manufacture of fertilizers and herbicides) averaged 0.25 Mg CO 2 ha −1 yr −1 in the cropped zone and 0.005 Mg CO 2 ha −1 yr −1 in the shelterbelt zone (Table 2) . Total farm energy use after 60 yr was 2788 Mg C without shelterbelts; however, total farm energy declined by 136 Mg C for the largest ratio of shelterbelt area (scenario 5) (Table 3) .
Whole-farm GHG emissions
Crop production (i.e., wheat-peas-oats rotation) in the cropped field zone resulted in an annual GHG emission of 3.51 Mg CO 2 e ha −1 yr −1 ; however, the shelterbelt area was an annual net sink of atmospheric GHG over the 60 yr period irrespective of the shelterbelt species (Table 2 ). The largest sink (−12.1 Mg CO 2 e ha −1 yr −1 ) was achieved with hybrid poplar, followed by white spruce (−7.9 Mg CO 2 e ha −1 yr −1 ) and caragana (−2.3 Mg CO 2 e ha −1 yr
−1
). Total farm GHG emissions over 60 yr was 144 205 Mg CO 2 e for the baseline scenario and decreased with the increasing shelterbelt area planted (Fig. 6) . The greatest reduction in total farm GHG emissions (110 979 Mg CO 2 e, at scenario 5) was simulated for hybrid poplar shelterbelts representing a 23.0% decrease in cumulative farm emissions. Planting white spruce shelterbelts decreased overall farm emissions by 17.5% (119 011 Mg CO 2 e), while caragana shelterbelts reduced farm emissions by 8.2% (132 309 Mg CO 2 e) at the largest planting (Table 3) .
Discussion
Carbon sequestration in tree biomass and stable SOC pools
The Holos model simulations showed that tree species selection is important for maximizing C sequestration. For example, greater C accumulation was estimated for faster growing trees such as hybrid poplar, followed by white spruce and caragana. The estimated C accumulation curves obtained using the Holos model were compared with C in tree biomass derived through Table 3 . Farm-scale carbon (C) and trace gas emissions in a model farm (688 ha, located in Saskatchewan, Canada) planted with hybrid poplar, white spruce, and caragana during a 60 yr period.
Scenario (proportion of farm planted to shelterbelt)
Parameter/shelterbelt species considered 0% 0.5% 1.0% 3% 5%
C in tree biomass (Mg C) Note: Each tree species was established at five planting densities. Simulations were generated with the Holos model. destructive sampling of trees in the dark-brown soil zone of Saskatchewan (Kort and Turnock 1999) and those obtained using the 3PG model under Saskatchewan conditions (Amichev et al. 2016) (Fig. 1) In general, the growth equation used in the Holos model was capable of estimating C in aboveground tree biomass, and the estimated values were comparable with actual values derived through destructive tree sampling and earlier values derived using the 3PG model (Fig. 1) . However, further work is still needed to improve the C accumulation equations for various tree species in the Holos model, such that they more accurately capture C content at different phases throughout the life cycle of a tree. Fig. 3 . Farm-scale total soil C content in a model farm planted with (A) hybrid poplar, (B) white spruce, and (C) caragana during a 60 yr period. Each tree species was established at five planting densities on a model farm (688 ha, located in Saskatchewan, Canada). Simulations were generated with the Holos model. Fig. 4 . Farm-scale total N 2 O emissions in a model farm planted with (A) hybrid poplar, (B) white spruce, and (C) caragana during a 60 yr period. Each tree species was established at five planting densities on a model farm (688 ha, located in Saskatchewan, Canada). Simulations were generated with the Holos model.
The estimated annual gain in SOC in the cropped zone (i.e., the wheat-peas-oats rotation) of the present study (0.10-0.17 Mg C ha −1 yr −1 ) was comparable with the C sequestration value of 0.16 Mg C ha
estimated for a continuous wheat rotation in Southern Saskatchewan using the CENTURY model (Campbell et al. 2005) and was within the range obtained through field measurement (i.e., 0.09-0.29 Mg C ha −1 yr −1 ) . Likewise, in this study, annual SOC sequestration within the shelterbelt (0.23-0.68 Mg C ha −1 yr −1 ) was within the range of SOC sequestration values reported for agroforestry practices in Canada (0.2-1.0 Mg C ha −1 yr −1 ) (Janzen et al. 2001) and in the United States (0.23-1.15 Mg C ha −1 yr −1 ) (Eagle et al. 2011 ). The greater annual SOC sequestration in the shelterbelt zone relative to the cropped zone was attributed to the role of trees in enhancing the quantity and quality of shoot and root litter C inputs and in modifying microclimatic conditions such as soil moisture and temperature regimes (Laganière et al. 2010) . Correspondingly, the greater SOC sequestration in hybrid poplar shelterbelts was attributed to greater biomass production and consequently, more rapid C input to soil through litter fall and root turnover compared with the white spruce and caragana shelterbelts. The estimation of annual C sequestration in the soil depends on several crop-and tree-specific values, as well as site-specific factors such as soil zone, tillage practices, fertilizer application rates, and weather regime. While the Holos model can factor indirect emissions related to agronomic practices and site-specific conditions, in this study, the NPP method used in estimating SOC sequestration did not consider the finite capacity of soils to store C. Soil organic C levels are assumed to stabilize at a new steady state after 20 yr of management (IPCC Fig. 5 . Farm-scale total CH 4 oxidation in a model farm planted with (A) hybrid poplar, (B) white spruce, and (C) caragana during a 60 yr period. Each tree species was established at five planting densities on a model farm (688 ha, located in Saskatchewan, Canada). Simulations were generated with the Holos model. Fig. 6 . Farm-scale total greenhouse gas (GHG) emissions in a model farm planted with (A) hybrid poplar, (B) white spruce, and (C) caragana during a 60 yr period. Each tree species was established at five planting densities on a model farm (688 ha, located in Saskatchewan, Canada). Simulations were generated with the Holos model. 2006); however, a longer period of 45 yr has been reported for agroforestry systems (Hernandez-Ramirez et al. 2011 ).
Methane and nitrous oxide fluxes
The greater annual CH 4 oxidation observed in the shelterbelt zone compared with the cropped zone reflects the greater root biomass of planted trees within the shelterbelt zone. Among the tree species compared, the greatest CH 4 oxidation was estimated for hybrid poplar shelterbelts, and this was related to the greater root biomass in hybrid poplar compared with white spruce and caragana shelterbelts (Table 2) . Estimated annual CH 4 oxidation within the shelterbelt zone in the present study (−0.09 to −0.46 kg CH 4 -C ha
was within the range of CH 4 oxidation (−0.14 to −0.99 kg CH 4 -C ha −1 yr −1 ) measured in shelterbelts within the dark-brown soil zone in Saskatchewan, Canada and that (−0.43 to −3.0 kg CH 4 -C ha −1 yr −1 ) measured in a 67 yr old pine forest in Eastern Canada . Annual CH 4 oxidation within the cropped field in the present study (−0.088 to −0.117 kg CH 4 -C ha −1 yr −1 ) was comparable with a slight CH 4 sink (−0.019 kg CH 4 -C ha
reported in Amadi et al. (2016) . In a 3 yr study of GHG intensity in irrigated cropping systems in Northeastern Colorado, Mosier et al. (2006) reported a much wider range of CH 4 fluxes (0.392 to −0.151 kg CH 4 -C ha −1 yr −1 ) across various tillage, N fertilization and crop rotation regimes. The greater annual N 2 O emissions estimated in the cropped zone relative to the shelterbelt zone ( Table 2) was reflective of the greater N inputs in the cropped field (i.e., 45 kg N ha −1 yr −1 plus N in the crop residue) relative to the shelterbelt zone in which N input was mainly a function of N concentration in leaf litter and root turnover. This result is in agreement with Amadi et al. (2016) who reported significantly greater N 2 O emissions from cropped fields compared with shelterbelts within the Boreal and Prairie Ecozones of Saskatchewan. The greatest reduction in N 2 O emissions was estimated for white spruce which is attributed to lower N concentrations in the needles (1.17%) compared with hybrid poplar (2%) and caragana leaves (3%). However, the greater annual N 2 O estimated for caragana compared with white spruce was not unexpected as caragana trees are N-fixingacquiring more than 80% of their N requirement through N-fixation (Moukoumi et al. 2012 ). This result is consistent with Amadi (2016) who reported significantly greater N 2 O emissions in caragana shelterbelts compared with Scots pine shelterbelts, suggesting that trees with relatively low foliar N concentrations (such as conifers) may be more efficient in reducing soil N 2 O emissions compared with tree species with comparatively greater foliar N concentrations. Planting shelterbelts composed of pure stands of N-fixing trees (e.g., caragana) may be beneficial in terms of C sequestration; however, they may be significant sources of atmospheric N 2 O emissions, which may constitute an even greater environmental hazard . During shelterbelt establishment, it may be more effective to interplant N-fixing trees with non-N-fixing trees, as this would not only improve the N nutrition of the non-N-fixing trees but also decrease N 2 O loses by reducing the amount of fixed N in the soil. Mixing tree plantings with N-fixing trees has been reported to increase biomass production, thus C sequestration, and result in greater retention of relatively stable SOC (Resh et al. 2002) . However, more research is needed to elucidate the role of N-fixing tree species on GHG dynamics in tree-based systems. Clearly, the success of agroforestry systems in tackling issues of climate change will depend on adequate understanding of tradeoffs between C sequestration and the emission of trace gases such as CH 4 and N 2 O.
Total farm emissions
The Holos model was useful in estimating the impact of three shelterbelts species under five planting scenarios on GHG mitigation for a model farm for a 60 yr period. Our data indicate that despite the relatively small proportion of the farm occupied by shelterbelts, the mitigation potential of the shelterbelts (over a 60 yr timeframe) ranges from 11 896 to 33 226 Mg CO 2 e depending on the species and planting density of the shelterbelts. The model simulations from Holos demonstrate the importance of tree species selection in maximizing the C sequestration and GHG mitigation potential from shelterbelt systems. The previous studies have attributed the mitigation of atmospheric GHG in agroforestry systems to the fixation of C in above-and belowground biomasses, increased C sequestration in the soil, enhanced CH 4 oxidation and reduced N 2 O, and energy emissions due to the exclusion of N fertilization on areas occupied by trees (Evers et al. 2010) . However, these studies did not report the relative contributions of these components to the overall GHG mitigation in agroforestry systems. Modelling simulations from this study indicate that 90%-95% of GHG mitigation by shelterbelts was through C sequestration in tree biomass and in stable SOC pools, while the reduction in N 2 O emissions contributed 5.1%-9.6% of the total GHG mitigation by shelterbelts. Increased CH 4 oxidation contributed only 0.002%-0.12%, while a reduction in CO 2 emissions associated with reduced farm energy consumption contributed 1.5%-4.2% of the total GHG mitigation by shelterbelts.
The major appeal of shelterbelt systems as a GHG mitigation strategy is based on its ability to sequester large amounts of C on a relatively small land unit (i.e., ≤5%) while leaving the bulk of the land for agricultural production (Ruark et al. 2003) . Based on our modelling data, the incorporation of trees on the farm -be it in the form of shelterbelts, riparian buffers, or other agroforestry systems has potentials for reducing GHG emissions in the agricultural landscape. In addition, marginal agricultural lands or parcels that are not farmed due to land degradation could be targeted for tree plantings without jeopardizing food production. Older shelterbelts in the province should also be rehabilitated to maintain or enhance the mitigating potential of shelterbelts on agricultural landscapes.
Conclusion
The Holos model indicates that shelterbelts can capture a substantial amount of atmospheric CO 2 and store it in tree biomass and soil, reduce N 2 O emissions, and improve soil CH 4 oxidation. Of the three species tested in the model, hybrid poplar was the most effective species for maximizing C sequestration and mitigating GHG, followed by white spruce and caragana. Additional research is needed to determine that tree species would be most effective at mitigating GHG with future changing climates. Moreover, the potential benefits of mixed species shelterbelts should be considered; e.g., combining white spruce and caragana. Nevertheless, the models show that shelterbelts are 2-4 times more effective than cropland in mitigating GHG emissions and could reduce total farm emissions by 8.2%-23% during a 60 yr period, depending on the tree species (and assuming that the trees occupy 5% of the total farm area). Thus, future policy should ensure that trees are planted in agricultural landscapes, and that existing established shelterbelts are maintained or rehabilitated to fully exploit their GHG mitigation capabilities.
